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Abstract
The moose is a large cervid ruminant found throughout the northern United
States, Europe, and Canada. In recent years, moose populations have been declining
within some regions of the northern United States. A study done in 2012 by the
University of Maine Animal Health Laboratory suggested that a novel lungworm species
of the genus Dictyocaulus may contribute to moose mortality in Maine. Lungworms
weaken the immune system of the host and cause parasitic bronchitis.
The current 2013 study analyzed 90 sets of moose lungs collected during the legal
moose-hunting season. Of these, 28 showed lungworm infections. 10 infections were
characterized as heavy with over 50 worms. These heavy infections all showed
”checkerboard” pathology on lung surfaces distal to bronchial tubules colonized by
lungworms. Only 1 infection containing less than 50 worms showed this pattern. This
suggests that a heavy lungworm burden causes significant lung pathology in Maine
moose.
Preliminary morphologic analyses showed that Maine moose are probably only
infected by one genus of lungworm at a given time; most appeared consistent with
Dictyocaulus morphology. Further exploration of the ITS2 gene sequences from
lungworms of Maine moose sampled in 2013 was also consistent with previously
reported Dictyocaulus ITS2 sequences.
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Background
Moose
The moose (Alces alces) is a large ruminant cervid. Moose are the largest land
mammal in New England, averaging 1000 pounds in weight, and 6 feet in height. Both
the male and female have a large dewlap under their chin. The natural range of the moose
includes Alaska, most regions of Canada, the northern continental United States, and
northern Europe and Asia (New Hampshire Fish and Game, 2013; Vashon, 2010). Moose
tend to live in habitats dominated by spruce, aspen and willow trees and prefer wetland
areas during the summer seasons (National Audubon Society, 2000).
In recent years it appears moose populations in their southern boundary ranges
have been declining despite many relatively mild winters (Cartensen et al, 2008). This
includes the northern continental United States, which normally boasts strong moose
populations. Rising temperatures and climate change could be a potential effector
(Murray 2006, Lenarz, 2009). It has been shown that an increase in temperature
negatively correlates with moose populations (Murray, 2006). Under normal conditions
this mild weather might be expected to enhance opportunities for young moose
populations to forage and gain adequate nutrition. However increased temperatures not
only cause heat stress, which may lower reproduction and health, but could also influence
parasitic or infectious disease cycles (McCann, 2013; Murray, 2006).
The population decline is particularly severe in states such as Minnesota, North
Dakota, and New Hampshire. One Minnesota study suggested that the population decline
could be so dramatic that moose could disappear from the state within 20 years (Wildlife
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Management Institute, 2013). The study cited a decrease in population size from 8000 to
4500 moose in the northwestern part of Minnesota (Myers, 2012; Butler et al, 2008).
Overall, moose populations declined 35% throughout the state from 2011 to 2012. New
Hampshire has also reported sharp population reductions from 7,000 moose to 4,500, a
decline of 40%, over the past decade (Wattles and Destefano, 2011).
Maine recently utilized a double-count aerial survey combined with hunter
sighting indices in order to estimate moose population and density in Maine Wildlife
Management Districts (WMD) (Kantar and Cumberland, 2013). This study states that
while annual adult mortality appears low, calf survival and winter die-off frequency is
currently unknown, but may mimic New Hampshire studies.
Determining whether the population decline in the United States is significant and
why it is occurring is important both economically and ecologically. Economically, the
moose-hunting season is a great revenue source for states such as Maine, totaling over
several million dollars annually. The season brings in out of state hunters looking to
“bag” a record moose. Not only does it bring in money through the sale of permits but it
also impacts the butchering, taxidermy, and hospitality industries. Declining populations
will impact this revenue source by forcing states to decrease the number of permits issued
each year. Minnesota has already embarked down this path in 2013 and has shut down
the legal moose-hunting season indefinitely until populations have been stabilized
(Wildlife Management Institute, 2013).
In Maine during the 2011 season, 3903 permits were issued and approximately
390 of these went to non-resident hunters. Moose hunting permits are issued in a lottery
style scheme (Maine Department of Inland Fisheries and Wildlife, 2012). Hunters apply

2

to be placed into the lottery and permits are drawn at random in June before the season
starts. In most states with a moose-hunting season, there is not only a permit fee if the
hunter is chosen, but also a fee associated with simply applying for a permit in the lottery.
Application fees are $15.00 for Maine residents and can range anywhere from $15.00$55.00 for non-residents depending on the number of times they wish to be entered into
the lottery (Maine Department of Inland Fisheries and Wildlife, 2012). Permits in 2011
were issued at $52 for a resident hunter and $585 for a non-resident hunter (Maine
Department of Inland Fisheries and Wildlife, 2013). The total state revenue from permits
is approximately $410,000, excluding application fees or the 10 permits awarded by
written bid. Profits from the written bid permits go towards state funded wildlife biology
summer camps for children and successful bids ranged from $9,760 to $11,234 (Maine
Department of Inland Fisheries and Wildlife, 2012; Morris, 1999). Overall state revenue
gained from one moose-hunting season exceeds $500,000. This figure does not include
hunter license sales.
Besides State income from the sale of permits and application fees, there is also a
substantial economic boost to small businesses each fall. Of the 3903 permits issued in
2011, 2,582 yielded a moose (Maine Department of Inland Fisheries and Wildlife, 2012).
These moose need to be dressed and butchered, and because of the large size of the
animal this is often done through local businesses. A local butcher shop in Maine
generally charges around 89 cents per pound to dress the animal. For a 1000lb moose,
that comes to about $890 for one kill. If all 2,582 moose killed were around 1000lbs and
all were dressed in Maine, butcher shops would receive over $2,000,000 in business. First
time hunters also often have their moose heads prepared for mounting through local
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taxidermists, and many non-resident hunters need a place to stay during the hunt. Rental
camps, cabins, and hotels are often utilized, benefitting the hospitality industry during a
season when it would normally be slower.
The ecological effects of a declining moose population could inhibit rehabilitation
attempts for other species. Moose are a major prey resource for wolves in the northern
United States, although bears and coyotes have been known to kill young calves before
nine weeks of age (New Hampshire Fish and Game, 2013). Many states, including
Minnesota, Montana, and Vermont, are attempting or anticipating wolf rehabilitation
efforts. However, it is in these areas that the moose population is declining. Low numbers
of moose may directly impact the ability of large wolf packs to reintegrate into this
imbalanced ecosystem (Morris, 1999).
Common causes of death in moose include parasites such as the lungworm, the
meningeal brainworm Parelaphostrongylus tenuis, and viral infections. A necropsy
performed on a young moose, brought into the University of Maine Animal Health
Laboratory (UMAHL) in fall 2011, revealed an infestation of winter ticks and large
numbers of intertwined lungworms throughout the bronchial tubules of the animal
(Girardin, 2012). Morphological identification of the worms indicated that they were a
Dictyocaulus spp.

Lungworm Infections in Moose
In 2012, several researchers at the University of Maine sequenced the ITS2 genes
of 3 lungworms collected from moose lungs during the 2012 hunter survey. This work
revealed unique ITS2 sequences that were distinct from the expected sequence of
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Dictyocaulus viviparus, and appeared to be more closely related to Dictyocaulus eckerti
and a Dictyocaulus spp. isolate found in Red Deer from New Zealand (Girardin, 2012).
No other lungworm species were identified in this sample. It was previously assumed that
Dictyocaulus viviparus was the primary lungworm infecting moose in Maine (Morris,
2007). It was speculated that the lungworms found in Maine moose could be a novel
Dictyocaulus spp. The pathology, life cycle, ecological impact, host preferences, and
relative prevalence of this novel isolate are still unknown.
Dictyocaulus lungworms typically cause low-level infections without any
symptoms. However, at high levels such as those seen in some moose in the study
conducted by UMAHL, parasitic bronchitis and other complications can occur (Girardin,
2012). Parasitic bronchitis is characterized by inflammation of the bronchial tubules. The
lungworms may block airways causing labored breathing. As well, the host immune
response against the parasite leads to an increase in mucus production, which can lead to
pneumonia. Infected animals may present with coughing, difficulty breathing, and stress
(Divina et al., 2000; Divina et al., 2002; Hoglund, 1999). In some cases death can occur.
In many of the Maine cases, the moose infected with the novel species isolate also
presented with abnormal lung pathology (Girardin, 2012). Lung tissue showed a
patchwork pattern of discoloration with alternating areas of dead and normal lung tissue
interspersed in a “checkerboard” pattern. This suggested that the lungworm infection
might have been associated with tissue necrosis. In the initial moose diagnosed with this
condition, lung damage was determined to be the primary cause of death (Lichtenwalner
personal communication; Girardin, 2012). The high worm burden seen in this moose
appeared to be pathogenic.
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There are six accepted Dictyocaulus species all of which can be genetically
differentiated by PCR analysis of the ITS2 gene (Divina et al., 2000; Hoglund et al.,
2003). The abbreviation ITS2 stands for Internal transcribed ribosomal spacer 2. It is
semi-conserved within the genus Dictyocaulus but contains a variable region that is
highly conserved between species. By targeting this region, it is considered to be possible
to genetically determine the species of a given worm. Genetic variation within the ITS2
regions of individuals within a Dictyocaulus spp. was found to be 3-3.5% (Gasser, 2012).
Ribosomal DNA between Dictyocaulus eckerti and Dictyocaulus viviparus showed only
a 77% identity indicating that there is a measurable separation between different species
within the genus Dictyocaulus (Gasser, 2012).
The four most common Dictyocaulus species seen to infect ruminants are D.
viviparus, which primarily infects cattle; D. filarial, which commonly infects sheep; D.
capreolus, which commonly infects roe and red deer; and D. eckerti, which has been
identified in Swedish studies of moose lungworm infections (Hoglund et al., 2003;
Divina et al., 2000). These studies analyzed species composition and prevalence of
Dictyocaulus in red deer, fallow deer, roe deer, moose, and reindeer. Worm species were
identified by genetic analysis of ITS2 sequences. Nineteen percent of moose in this study
were infected with D. eckerti, and 81.1% were infected with D. capreolus. Fallow deer
were infected with what may have been a new genotype that was genetically distinct from
D. viviparus, D. eckerti, and D. capreolus. However, this genotype was not found in
Maine moose studies (Girardin, 2012).
Previous studies conducted in Sweden determined that the prevalence of moose
lungworm infections within a healthy moose population was approximately 12% (Divina,
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2002). In a 2012 study of hunter-harvested moose in Maine, the UMAHL collected 58
moose lungs. There were 8 cases of lungworm infection, indicating a 13.8% infection
rate. Moose lungs were collected from 6 wildlife management districts and results of the
2012 prevalence study are located in Appendix I. Abnormal lung pathologies were
observed, but not recorded in the 2012 study. Comparison of a 2013 lungworm infection
rate in Maine moose to the 2012 studies and the population infection rate in Swedish
moose studies may help determine whether lungworm infection rates in Maine are
remaining stable and whether they pose a significant problem.
Parasites, such as the lungworm, may thrive better in areas lacking severely cold
winters because it allows them to complete their lifecycle. In general, transmission of
Dictyocaulus lungworms from the host to a second animal occurs by a fecal-oral pathway
and is considered a direct lifecycle (Cantacessi et al., 2011; Foster, 2012). In the first
stage of the Dictyocaulus lifecycle, adult worms living in the lungs of an animal lay eggs.
The eggs are then coughed up and swallowed by the infected animal. Eggs hatch into first
stage (L1) larvae as they pass through the gastrointestinal tract. L1 larvae are excreted in
the animal’s feces and continue to grow. In the feces they develop into L2 larvae. As the
fecal matter degrades, the larvae continue to survive and will develop into L3 infective
larvae on grass within one to three weeks depending on climate (Hoglund 1999). A
second animal grazing in this area ingests the larvae, which penetrate the stomach lining
and pass into the lymph of the lungs where they develop into adults and continue the
cycle (Merial UK, 2014). In colder climates, many lungworms become nonviable during
the winter months. A small number of lungworms do survive however within infected
carrier animals (Merck Veterinary Manual). Warming climate trends may allow parasites
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such as Dictyocaulus to expand their natural range northward (Murray, 2006). A
correlation seems to exist between the moose population decline and warming
temperatures, suggesting that a parasite with a direct life cycle like lungworms of the
genus Dictyocaulus could increase in prevalence due to climate changes.

Lungworm Identification Methods
Polymerase chain reaction is a process that allows amplification of a specific gene
such as ITS2, within a DNA segment in order to achieve high enough levels for accurate
DNA sequencing. It involves a three-step process and is conducted with the use of a
thermocycler. A thermocycler is a machine that can be programmed to alter temperatures
in a cycle, which is imperative for proper gene amplification. Step-one heats the DNA
sample to break bonds between the two segments in a process called denaturation. Steptwo brings the temperature down and allows primers to anneal. Primers are specific to the
gene or segment of DNA being amplified. They direct the DNA polymerase to amplify
the target gene. Step 3 involves elongation of the copied DNA segment by the DNA
polymerase. This process is repeated for 30-40 cycles yielding multiple copies of the
ITS2 gene segment (Promega, 2013).
The primary method used for genetic sequencing is the Sanger method. In the
traditional Sanger method for DNA sequencing, a complementary strand of DNA is
synthesized using a cycle similar to PCR (polymerase chain reaction). The DNA is
denatured, primers specific to an area of interest are annealed to the strand, and a DNA
polymerase elongates the strand. Dideoxy-nucleotides are available within the reaction
mixture as strands are synthesized. When these are incorporated into the DNA they cause
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the polymerase to stop replication of that strand. Sequencing results in multiple
complementary strands of differing lengths. The dideoxy-nucleotide incorporated into the
new strand corresponds to a nucleotide on the template strand following Chargaff’s rule
(Adenine pairs with thymine, cytosine pairs with guanine). These dideoxy-nucleotides are
fluorescently labeled and can be analyzed using computer software yielding a sequence
for the template DNA strand. Sanger sequencing can very accurately “read” gene
sequences up to 1000bp (Shendure & Ji 2008). Obtained sequences can then be aligned
using a number of programs to determine relatedness to known species sequences.
Together these methods can be used for the genetic speciation of lungworms by their
ITS2 sequences.

Objectives of the 2013 Study:
Little is known about the Maine Dictyocaulus isolate. It is possible that lungworm
infection may be a contributor to the moose population decline by co-infecting moose,
along with parasites such as winter-tick or diseases such as Equine Encephalitis Virus. In
order to establish whether Dictyocaulus lungworms are a contributor to the moose
population decline, prevalence and pathology must be studied. The purpose of this study
is to quantitate the impact of lungworms on Maine moose, identify the characteristics of
this lungworm species, and validate earlier work conducted in 2012 at the University of
Maine suggesting that Maine lungworms are a unique species isolate of Dictyocaulus by
comparing semi-conserved ITS2 gene sequences of isolated worms using PolymeraseChain Reaction (PCR) analysis and genetic sequencing.
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The objectives of this study are:
1. Conduct a 2013 prevalence study of lungworm infection in Maine moose and
compare this with the 2012 infection rate.
2. Further explore the species identification of lungworms in Maine moose using
morphological and genetic analysis

We hypothesize that:
1. Lungworm infections are present in less than 12% of the Maine moose
population.
2.

Lungworms are associated with visible pathology in a subset of Maine
moose.

3. Only one species of lungworm infects a Maine moose at any given time.
4. The lungworms infecting Maine moose are a unique Dictyocaulus spp. isolate.

Materials and Methods
Lungworm Collection
Through cooperation with MDIFW and participating legal moose hunters,
UMAHL was able to collect and analyze 90 sets of moose lungs between September and
November 2013. Moose lungs were delivered to the UMAHL in black plastic bags and
labeled with the MDIFW seal number. This seal number was then used to retrieve the
hunter permit number and wildlife management district data for each set of moose lungs.
Lung-sets were frozen or chilled for preservation until analysis could be completed.
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Moose lungs were qualitatively described when first brought in. Visible
pathologies present on the lung surface and the presence of cysts of Echinococcus
Granulosus (Lichtenwalner 2014) were described and recorded for a separate study. The
presence of cysts was described as low (less than 10), moderate (10-50), and heavy
(greater than 50). Other superficial tissue abnormalities were also noted and recorded
such as “checkerboard” tissue pathology (healthy pink tissue adjacent to white and deep
red lung lobular tissue).
After the visual assessment of the lungs was conducted, lungs were dissected for
worms by carefully cutting along bronchial tubules and airways. Worms were most often
found at the periphery of the lung fields. If worms were present, they were extracted from
lung tissue using forceps and placed into a labeled 50ml tube containing 20-30 ml of
saline. Worm burden was recorded as greater than 100, 50-100, and less than 50. Lungsets with greater than 50 worms were characterized as having a heavy infection. Tubes
containing worms were then frozen at -200C until they could be morphologically
characterized one to two days later.
Lungworm Morphology
Worms from selected moose were placed as a set into a clear petri dish with saline
for measuring and observation purposes. The length of each worm was approximated
using a 10-centimeter ruler. Worms were then placed one at a time into a separate clear
petri dish filled with saline and analyzed using a Nikon SMZ-V dissecting microscope.
The microscope was setup to include the DAGE-MTI, a camera that links to a laptop
computer screen and a standard flat screen TV for better visualization and photo
opportunities.
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Worm gender and species morphology were visualized and recorded. The first 5
worms from each lung set were placed without saline into separate 1.5 ml tubes and
stored at -20 0C. Worms 6-25 of each lung set were batched and frozen in groups of 5.
Pictures of the heads and tails for some worms from 10 lung sets were taken and
recorded. All remaining worms in a lung set were frozen as a unit. This procedure was
repeated for each lung-set containing worms.

Lungworm DNA Extraction
Lungworm DNA was extracted for this study using the Wizard Genomic DNA
Purification Kit (A1125) and the Lichtenwalner laboratory protocol for Nematode DNA
extraction. This kit contained all solutions mentioned in the following section except
saline, isopropanol, and ethanol. Centrifugation was run at 16,000 x g.
Individual lungworms were washed by placing them with sterile forceps into 2ml
tubes containing sterile saline. Saline was aspirated and discarded. Next, 600ul of nuclei
lysis solution and a sterile steel bead were added to each tube to help release nuclei
content. Worm tissue was homogenized for 10 minutes using the Tissue Lyser II at 28
Hz. The steel beads were removed and the lysate incubated at 650C for 20 minutes. 3ul of
RNase solution was then added to digest RNA, leaving only DNA and protein behind.
Samples were then incubated a second time at 370C for 15 minutes. The addition of 600ul
of protein precipitation solution followed by vortexing the sample and centrifugation
caused the protein to form a white pellet at the bottom of the tube. The supernatant
containing worm DNA was aspirated and moved into a 1.5ml tube containing 70%
isopropanol. Protein pellets were discarded. The solution containing DNA and
12

isopropanol was then centrifuged for 5 minutes. At this point a small white DNA pellet
was visible at the bottom of each tube. The supernatant was carefully removed. 600ul of
95% ethanol was added to the tubes. The pellet was disturbed to maximize the wash and
then the ethanol was removed. Samples were allowed to air dry for 10 minutes before
50ul of DNA rehydration solution was added to each. Samples were incubated at 650 C
for 30 minutes to allow for maximum DNA rehydration. Lungworm DNA samples were
then stored at 40 C.
DNA quality and quantity was verified using the Nanodrop 1000 machine hooked
up to a local laptop computer with ND1000 software installed. Using the Nucleic Acid
program for double-stranded DNA data collection, the spectrophotometer was first
initialized with 1.5ul of nuclease free water. A blank reading was recorded using 1.5ul of
DNA rehydration solution, taken from the Wizard Genomic DNA Purification Kit
described above. The arm of the machine was cleaned using a Kim-Wipe.
Once completed, samples were recorded one at a time using 1.5ul of DNA
template solution. 260nm was recorded as the acceptable DNA peak. Concentration was
recorded as ng/ul with the target ratios of purity as 260/280=1.8 and 260/230=1.8.

Amplification of the ITS2 Sequence
78 samples were judged to be acceptable for PCR amplification. Of these 31
samples were amplified. Amplification of the ITS2 sequence took place using the PCR
Mastermix kit (Promega cat. #M7502), the Forward ITS2 primer 5’ACGTCTGGTTCAGGGTTCTT-3’ and the Reverse ITS2 primer 5’TTAGTTTCTTTTCCTCCGCT-3’. A reaction mixture was prepared on a bucket of ice
in 0.2ml PCR safe tubes for each sample. The reaction mixture contained: 12.5 ul of PCR
13

Mastermix, 1 ul of forward ITS2 primer, 1ul of reverse ITS2 primer, 1-5 ul of DNA
template so that final concentration of template was less than 250ng, and nuclease free
water to bring the mixture to 25ul. Reaction mixtures were prepared in a clean room
using sterile technique. Samples were then placed into the BioRad thermocycler.
The thermocycler program used a heated lid was set for an initial denaturation for
2 minutes at 950C. This was followed by 35 cycles of: denaturation for 1 minute at 950C,
primers annealed with a temperature gradient of 530-570C with increasing increments of
10C for 1 minute, and extension at 740C for 45 seconds. These 35 cycles were followed
with a final extension at 740C for 5 minutes. Samples were held for one hour in the
thermocycler at 40C. PCR products were then stored in a refrigerator at 40C for at least 3
hours before they were run on a gel for visualization.

PCR Product Visualization Using Agarose Gels
PCR products were analyzed using a 1.5% agarose gel. Initial runs were
completed with 10 minutes at 10V followed by 50 minutes at 50V. In order to increase
banding visibility, this protocol was altered to 10V for 10 minutes followed by 40V for
150 minutes. Gel Electrophoresis confirmed the presence of the ITS2 sequences when
showing 2 separate bands at approximately 480bp and 580bp. These bands were
compared to a 100bp DNA ladder that was also run on each gel in duplicate. Gels were
originally stored at 40C until purification 24 hours later. In later trials, this protocol was
altered so that DNA bands were extracted from the gel and purified on the same day they
were run to discourage dispersion and conserve clarity.
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The 580bp DNA and the 480bp DNA segments were purified off of the gel
separately using the Wizard SV Gel and PCR Clean-Up System and protocol for excising
DNA bands off of agarose gel (Promega Cat. #A9281). PCR product fragments of the
same length (either 480bp or 580bp) from the same individual worm were combined
during gel purification in order to increase concentration yields. Concentration was then
measured using the Nanodrop1000 spectrophotometer set to identify single stranded
DNA.

Genetic Sequencing
Purified PCR products were sent to the University of Maine Sequencing facility
for processing if concentrations were greater than or equal to 3ng/ul. A total of 6 products
from 3 different PCR reactions were sent for sequencing. Sequences were then aligned
against other reported Dictyocaulus ITS2 sequences using BLAST nucleotide alignment
and analyzed for similarity (National Institute for Biotechnology).

Results and Discussion
Lungworm Prevalence
A total of 93 sets of hunter harvested moose lungs were collected and dissected
during this 2013 study. Additional necropsies were performed on three deceased young
moose brought to the UMAHL by IFNW. All three deceased moose showed signs of
lungworm infection. Including these, a total of 31 studied moose showed lungworm
infestation. Figure 1 (below) compares lungworm burdens in tested moose.

15

Figure 1: Moose lungworm burden levels for the 93 tested lung sets analyzed at UMAHL in 2013.
Numbers above bars indicated number of moose in each category

Of the 93 moose tested, 62 moose showed no detectable signs of lungworm
infection. 20 moose exhibited low level infections. High lungworm burden was indicated
by the presence of greater than 50 worms within a set of lungs: 11 moose fell into this
category. Comparison of lungworm burdens showed that approximately 11.8% of the
population tested presented with a high worm burden, but 33.3% were infected overall.
The highest worm burden seen in a single moose lung-set during this data collection was
552 lungworms.
Table 1 lists the 31 moose found infected with lungworms, their lungworm
burden, presence of gross pathology, and exact kill location if known. “Checkerboard”
pathology was not recorded in all instances where it occurred, so presence of this
abnormality may be higher than indicated.
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Table 1: Infected moose kill location, lung pathology, and lungworm burden

UMAHL

Kill Location

Gross Lung Pathology

Moose

Lungworm
Burden

Number
5

T12 R7

3

14

T10 R15 WELS

>20

16

T14 R11 WELS

1

18

T12 R9 WELS

8

24

T15 R8 WELS

Severe checkerboard

>100

distal to worms
27

Nashville Plt

30

34

T12 R9 WELS

>20

36

T13 R9 WELS

20-25

46

T4 R13 WELS

1

47

T6 R14 WELS

20

56

T10 R16 WELS

10

58

T14 R9 WELS

10-20

60

T18 R11 WELS

2

61

Russell Pond Twp

2

65

T4 R11 WELS

>20

67

T4 R17 WELS

1

70

Dole Brook Twp

Checkerboard

>50

71

Moosehead

Checkerboard

>100
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Junction TWP
72

T10 R16 WELS

Checkerboard

>100

74

T10 R15 WELS

Checkerboard

>100

75

T10 R13 WELS

Checkerboard

2

76

T11 R11 WELS

Checkerboard

>100

77

T14 R11 WELS

Checkerboard

>50

79

West Middlesex

Checkerboard

>50

Checkerboard

>50

Canal Grant
82

Misery Gore Twp

84

T12 R10 WELS

20

92

West Middlesex

>20

Canal Grant
93

Moxie Gore

Checkerboard

94
95

>50
19

Checkerboard

96

552
34

Samples for the 2013 study were received from 6 separate Wildlife Management
Districts in the State of Maine centering around the Greenville and Ashland Registration
Stations in the northwestern portion of the state. Figure 2, found below, shows the
number of lungworm infections found within each WMD.
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Figure 2: Visual Map of 2013 Lungworm infection rates by WMD (original image courtesy of the Maine
Department of Inland Fish and Wildlife)

It should be noted that sample size within each district varied. Total moose tested
ranged from a high of 34 moose in district 2 to a low of 2 moose in district 5. This
discrepancy in the number of moose tested leaves room for error in interpreting the data.
By comparing the total number of moose sampled to the number of moose bearing
lungworm infections as in Table 2 (below), it is possible to achieve a more accurate
picture of lungworm epidemiology within each district.
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Table 2: 2013 Lungworm Prevalence Data by Maine Wildlife Management District

WMD #

Total Moose

Moose with

% Infected

Sampled

Lungworms

1

16

4

25.0

2

34

8

23.5

3

6

0

0.0

4

18

11

61.1

5

2

0

0.0

8

10

5

50.0

Districts 4 and 8 had the highest lungworm infection rates at 61.1% and 50.0%
respectively. This is in comparison with the total number of moose tested within that
district.

Gross Lung Pathology of Heavily Infected Moose
The 11 moose characterized as having heavy lungworm infections showed similar
pathologies. Figure 3 shows a bundle of intertwined lungworms within the bronchial
tubules of one of these moose. Thick mucus was present in areas surrounding the worms.
A unique “checkerboard” pattern of ischemia and coagulation was present on the surface
of lung tissue in these 11 instances of heavy worm burden. The worms were located close
to the periphery of the tubules. Further examination of this animal showed continued
infection further on.
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Figure 3: Lungworm infection of Moose (UMAHL Moose #70)

Lungworm Morphology
Morphological identification was attempted for a subset of 294 lungworms from
the 2013 moose sample population. All worms appeared to be consistent with
Dictyocaulus spp. The gender profile of our sampled lungworm subset was 46.9% male
to 53.1% female. A T test with equal variance showed that females were significantly
larger than males with an average body length of 5.9cm. Sampled male lungworms had
an average body length of 4.7cm. Results of the T-test are shown in Figure 4. Figures 5
through 8 highlight the general worm morphologies observed within our sampled
lungworm subset.
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Figure 4: Results of a T-Test showing that female lungworms are significantly larger than male lungworms

Figure 5: Head of a lungworm presumed to be a Dictyocaulus.
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Figure 6: Tail of a female lungworm

Figure 7: Vulval pore of a female lungworm
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Figure 8: Tail of a male lungworm

Genetic Sequencing Analysis
I. Lungworm DNA Extraction and PCR
A total of 142 worms were used for DNA extraction. At least one worm from
each of the 31 infected moose was used. Worms were chosen for PCR based on the
quality measures and the graph curve identified by the Nanodrop Spectrophotometer.
Worms exhibiting a smooth graph with a peak at 260nm and with 260/280 values and
260/230 within 0.8 of 1.8 were chosen. Of the 142 extractions, 78 were deemed of high
enough quality for running in PCR reactions but ultimately a total of 16 different worm
extractions were chosen for PCR ITS2 amplification. Table 3 outlines the results of the
lungworm DNA extraction step for the 16 lungworm DNA samples chosen for further
testing.

24

Table 3: Nanodrop Spectrophotometer readings for the 16 lungworm DNA extractions chosen for further
testing

UMAHL

Absorbance

260nm

280nm

260/280

260/230

DNA

Worm #

at 230nm

10mm

10mm

Concentration

Path

Path

(ng/ul)

5-1

0.495

0.571

0.316

1.81

1.15

28.6

14-8B

6.158

7.334

4.092

1.79

1.42

125.0

14-13C

4.371

4.428

2.684

1.65

1.01

221.4

16-1A

0.447

0.530

0.320

1.66

1.19

26.5

18-4A

8.099

10.94

6.198

1.77

1.35

547.0

24-1A

7.077

10.146

5.579

1.82

1.43

507.3

24-15C

5.668

9.154

5.052

1.81

1.61

457.7

24-20D

4.169

6.346

3.651

1.74

1.52

317.3

27-10B

0.377

0.563

0.307

1.83

1.49

28.2

47-8F

1.713

2.078

1.238

1.68

1.21

103.9

58F

0.331

0.567

0.302

1.88

1.71

28.3

65-2

6.306

6.623

3.749

1.77

1.05

331.2

72-2

5.45

5.522

3.195

1.73

1.01

276.1

82-1

0.428

0.778

0.459

1.69

1.82

38.9

82-5

6.288

7.238

4.277

1.69

1.15

361.9

II. Gel Electrophoresis
First attempts at running product on a gel were unsuccessful. During imaging,
DNA bands were fuzzy and distorted. The protocol was altered to include a longer
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running time at a lower voltage and the amount of template added to the initial PCR
amplification reaction was reduced to less than 30ng/ul instead of 250ng/ul. This
improved image quality. Figure 8 shows an example of a gel containing lungworm ITS2
PCR products.

Figure 9: Sample of Gel Electrophoresis results.

In Figure 9 lanes are labeled numbers 1-10 right to left. Lanes 1 and 10 contain
samples from the PCR reaction for worm 14-8, Lanes 2 and 7 contain the 100bp DNA
Ladder, Lanes 3 and 4 contain samples from the PCR reaction for worm 16-1A, lanes 5
and 6 contain samples from the PCR reaction for worm 27-10, and lanes 8 and 9 contain
samples from the PCR reaction for worm 14-13. At least 2 bands are seen in the image
for each of the samples that were loaded. The top band is located at approximately 580bp.
The second band is located at 480bp. A third band can be observed in lanes 1 and 10,
which correspond to sample 14-8. This band is located at approximately 380bp.
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III. Sequencing
The Nanodrop1000 Spectrophotometer was used to measure quality and quantity
of DNA once it was extracted and purified from the gel. The 480bp band and the 580bp
bands from two separate lungworms originating from two different moose were sent to
the University of Maine Sequencing Facility. One set was sent in duplicate in order to
determine protocol fidelity (a total of 6 samples). The Nanodrop1000 Spectrophotometer
results for these six samples are shown in Table 4.
Table 4: Nanodrop1000 Spectrophotometer results for gel purified lungworm ITS2 bands

UMAHL

DNA

Worm

Band

Absorbance 260nm 280nm 260/280 260/230 DNA

Number

10mm

10mm

concentration

Path

Path

(ng/ul)

27-10

480bp 0.294

0.097

0.060

1.62

0.33

3.2

27-10

580bp 0.569

0.236

0.134

1.76

0.41

7.8

27-10

480bp 0.244

0.082

0.066

1.29

0.34

3.0

580bp 0.748

0.119

0.087

1.37

0.16

4.5

82-1

480bp .294

0.84

0.066

1.29

0.34

2.7

82-1

580bp 0.347

0.101

.0.077

1.32

0.29

3.3

(Duplicate)
27-10
(Duplicate)

Both forward and reverse sequences were obtained for each of the 6 samples sent
to sequencing. The forward sample 82-1-580bp was not readable. Therefore no
alignments were made for this sample. The forward and reverse sequences were run
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separately in the BLAST program. Table 5 shows the results of the BLAST sequence
analysis for each set of samples.
Table 5: BLAST Results

Worm Number
and Sequence
Direction

Similarity to

Quer
y
Cove
r

E-Value

Identit
y

Accession
Number

27-10 580bp
Reverse
Dictyocaulus sp. P6 ITS2,
Isolate p6
Dictyocaulus sp. P70
ITS2, Isolate p70
Dictyocaulus Eckerti ITS2
Sequence
Dictyocaulus Viviparus
ITS2

59% 2.00E-110

96%

AJ580764.1

59% 1.00E-107

95%

AJ580766.1

63% 5.00E-106

92%

U37716.1

63%

1.00E-51

76%

U37718.1

Dictyocaulus Eckerti ITS2
Sequence
Dictyocaulus sp. P70
ITS2, Isolate p70
Dictyocaulus sp. P6 ITS2,
Isolate p6
Dictyocaulus Viviparus
ITS2

57%

7.00E-98

94%

U37716.1

57%

3.00E-96

94%

AJ580766.1

57%

3.00E-96

94%

AJ580764.1

53%

3.00E-45

79%

U37718.1

Dictyocaulus Eckerti ITS2
Sequence
Dictyocaulus sp. P70
ITS2, Isolate p70
Dictyocaulus sp. P6 ITS2,
Isolate p6
Dictyocaulus Viviparus
ITS2

70%

3.00E-94

98%

U37716.1

69%

4.00E-92

98%

AJ580766.1

69%

4.00E-92

98%

AJ580764.1

63%

3.00E-44

82%

U37718.1

Dictyocaulus sp. P6 ITS2, 75% 2.00E-110
Isolate p6
Dictyocaulus sp. P70
75% 9.00E-108
ITS2, Isolate p70
Dictyocaulus Eckerti ITS2 81% 7.00E-103

96%

AJ580764.1

95%

AJ580766.1

91%

U37716.1

27-10 580bp
Forward

27-10 480bp
Forward

27-10 480bp
Reverse
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Sequence
Dictyocaulus Viviparus
ITS2

68%

1.00E-37

74%

U37718.1

Dictyocaulus sp. P6 ITS2,
Isolate p6
Dictyocaulus sp. P70
ITS2, Isolate p70
Dictyocaulus Eckerti ITS2
Sequence
Dictyocaulus Viviparus
ITS2

66% 2.00E-110

96%

AJ580764.1

66% 1.00E-107

95%

AJ580766.1

63% 6.00E-105

92%

U37716.1

60%

1.00E-37

74%

U37718.1

Dictyocaulus Eckerti ITS2
Sequence
Dictyocaulus sp. P70
ITS2, Isolate p70
Dictyocaulus sp. P6 ITS2,
Isolate p6
Dictyocaulus Viviparus
ITS2

43%

3.00E-98

94%

U37716.1

40%

6.00E-94

94%

AJ580766.1

40%

6.00E-94

94%

AJ580764.1

40%

1.00E-45

79%

U37718.1

Dictyocaulus sp. P70
ITS2, Isolate p70
Dictyocaulus sp. P6 ITS2,
Isolate p6
Dictyocaulus Eckerti ITS2
Sequence
Dictyocaulus Viviparus
ITS2

90%

1.00E-79

90%

AJ580766.1

90%

1.00E-79

90%

AJ580764.1

90%

1.00E-79

90%

U37716.1

89%

2.00E-44

79%

U37718.1

Dictyocaulus sp. P6 ITS2,
Isolate p6
Dictyocaulus sp. P70
ITS2, Isolate p70
Dictyocaulus Eckerti ITS2
Sequence
Dictyocaulus Viviparus
ITS2

44% 3.00E-110

96%

AJ580764.1

44% 2.00E-107

95%

AJ580766.1

48% 2.00E-106

92%

U37716.1

40%

74%

U37718.1

27-10 580bp
Duplicate Reverse

27-10 580bp
Duplicate
Forward

27-10 480bp
Duplicate
Forward

27-10 480bp
Duplicate Reverse

82-1 580bp
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2.00E-37

Reverse
Dictyocaulus sp. P6 ITS2,
Isolate p6
Dictyocaulus sp. P70
ITS2, Isolate p70
Dictyocaulus Eckerti ITS2
Sequence
Dictyocaulus Viviparus
ITS2

78%

5.00E-58

91%

AJ580764.1

78%

3.00E-55

89%

AJ580766.1

78%

5.00E-52

87%

U37716.1

8%

1.80E-00

94%

U37718.1

Dictyocaulus sp. P70
ITS2, Isolate p70
Dictyocaulus sp. P6 ITS2,
Isolate p6
Dictyocaulus Eckerti ITS2
Sequence
Dictyocaulus Viviparus
ITS2

89%

2.00E-31

77%

AJ580766.1

89%

2.00E-31

77%

AJ580764.1

89%

2.00E-31

77%

U37716.1

73%

9.00E-11

72%

U37718.1

Dictyocaulus sp. P6 ITS2,
Isolate p6
Dictyocaulus sp. P70
ITS2, Isolate p70
Dictyocaulus Eckerti ITS2
Sequence
Dictyocaulus Viviparus
ITS2

84%

6.00E-97

92%

AJ580764.1

84%

3.00E-94

91%

AJ580766.1

84%

4.00E-86

89%

U37716.1

77%

6.00E-27

70%

U37718.1

82-1 480bp
Forward

82-1 480bp
Reverse

Table 6 outlines the average percent identity values and the number of times a
result was first in the BLAST analyses.
Table 6: BLAST analysis summary

Species that sequences
were compared to
Dictyocaulus sp. P6
ITS2, Isolate p6
Dictyocaulus sp. P70
ITS2, Isolate p70
Dictyocaulus Eckerti
ITS2 Sequence
Dictyocaulus Viviparus
ITS2 Sequence

Number of times it was
most identical to the
query
6

Average
% Identity

Accession
Number

92.7

AJ580764.1

2

92.1

AJ580766.1

3

90.5

U37716.1

0

77.5

U37718.1
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Appendix 2 contains the individual sequence results for each of the 6 gel purified
samples.
When aligned against Girardin Dictyocaulus clones from 2012 data, the 11 sequences
obtained by this study seemed to be similar showing an average percent identity of 9396%. This data is outlined in Table 7 below.
Table 7: Averages of alignments of 2012 Dictyocaulus clones (Girardin 2012) with the 11 sequences
obtained in this study.

2012 Clone

Average
Max
Score

Average
Total
Score

Average
Query
Cover

Average
E-Value

Average %
Identity

Dictyocaulus
Clone 3B

405.9

405.9

42%

3.09E-85

96%

Dictyocaulus
Clone 7A

381.6

381.6

42%

9.09E-83

95%

Dictyocaulus
Clone 1A

374.3

421.2

44%

9.09E-76

93%

Discussion:
Prevalence and Pathology:
Previous studies conducted in the state of Maine and in Sweden showed
lungworm infections within approximately 12-13% of sampled moose populations. The
2013 results were not consistent with these previous studies and did not support the
hypothesis that lungworm infections are present in less than 12% of the Maine moose
population. The results of this study showed a 33.3% infection rate within 6 WMDs in
the northwestern area of the state of Maine.
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There are multiple reasons that could account for this disparity. The first is that
the previous 2012 Maine lungworm prevalence study held a smaller sample size of 58
moose lungsets. A comparison of the moose sample population in WMD 2 between 2012
and 2013 data seems to support this theory. In 2013, 34 moose were sampled from WMD
2 yielding a 23.5% infection rate while in 2012 a sample size of 20 moose yielded a 20%
infection rate. The sample sizes for both years were greatest in WMD 2 and showed fairly
consistent data. Sample sizes within other WMDs varied more dramatically between
2012 and 2013 and therefore showed more inconsistent results indicating that sample size
could have been a factor in the discrepancy.
Another theory is that lungworm infections in Maine moose could be increasing.
Factors that might affect lungworm burden in Maine moose could include winter length,
and overall moose health. Situations in which the immune system of a moose is already
preoccupied (such as viral infection, winter tick induced anemia, and other parasitic
infections) could increase the ability of a lungworm infection to become more effectively
established. Mild winters may also allow lungworm infections to become established
earlier in the year, leading to increased disease as forage availability for moose begins to
decline (Lenarz, 2009).
This information could help target wildlife research efforts. As shown by the
results, districts 4 and 8 should be most heavily monitored because these exhibited the
highest intra-WMD lungworm infection prevalence at 61.1% and 50% respectively. It
will be important for wildlife researchers to continue monitoring this infection rate over
the next few years in order to create a complete picture for the activities of lungworm
infections in Northwestern Maine moose.
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The presence of lungworms in 4 out of the 6 WMDs sampled indicates that it
could be a widespread disease and may not be limited to one area of Maine. The
closeness of these WMDs to the Canadian border also indicates that lungworm infection
could be an international problem. Canada has reported moose population declines as
well (Murray 1999; Murray 2012). The presence of lungworms in Maine close to the
Canadian border may provide evidence that lungworm infections could be a contributing
factor to these observed moose population declines.
Heavy lungworm burdens were observed in 11 of the 31 observed lungworm
infections. This equates to approximately 11.8% of our sample. This provides a baseline
for heavy lungworm burden in the Maine moose population. It is currently unknown
whether or not this is a healthy or an above average baseline. It should be noted that in all
11 cases where heavy lungworm burden was present a unique pathology was observed.
The “checkerboard” pattern of ischemic lung lobules adjacent to lobules with heavy
blood coagulation is abnormal. A normal healthy lung is pink in color with little
variation. The physical evidence from Figure 3 indicates that instances of heavy
lungworm infection may cause significant tissue damage and increased mucus
production. Lungworm infections have been shown to cause parasitic bronchitis, which is
characterized by coughing, difficulty breathing, and inflammation of the bronchial
tubules. Increased mucus production could result in pneumonia or other complications as
seen in the 2012 UMAHL necropsies of two dead moose and the 2013 necropsies of the 3
moose brought in by IFNW. While lungworm infection may not be a direct cause of
death in these cases, the pathology indicates it may be a compounding factor by causing
respiratory distress.
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Morphological Speciation:
Lungworm morphological identification showed that all sampled worms appeared
consistent with Dictyocaulus spp. This indicates that it is likely that only one genus of
lungworm infects a Maine moose. Speciation within the genus Dictyocaulus was not
attempted. Previous research indicates that it is possible to define Dictyocaulus species
by comparing buccal capsule wall thickness (characterized as thin, thick, or
intermediate), buccal capsule length, and buccal capsule shape (Divina 2000). However,
host-specific differences (ie: between a lungworm infecting cattle and the same species of
lungworm infecting a wild cervid) and the indistinctiveness of the buccal capsule within
the lungworm can easily lead to misidentification in a percentage of sampled worms
when using morphological identification alone (Divina 2000). This study chose to use
morphological identification to characterize the lungworm genus profile in order to target
a genetic analysis more effectively.
Figure 4 shows the head of a lungworm presumed to be of the genus
Dictyocaulus. Lungworms within this genus have a blunt and rounded head with a long
narrow neck (Jansen 1990; Divina 2000). Figure 5 shows the female tail of a lungworm
with an anterior end consistent with Dictyocaulus morphology. The female tail tapers off
to a sharp point and is very distinct from the tail end of the male lungworm as pictured in
Figure 7. The male lungworm is characterized by the protrusion of spicules from the
copulatory organ. The copulatory organ of the female lungworm is pictured in Figure 6.
This is a vulval pore. Some observed females did appear to be gravid, but this was not
recorded in all instances where it occurred.
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The male to female lungworm ratio appeared relatively equal. This could indicate
that worm populations within the infected moose are reproductively active. Lungworms
were chosen for morphological identification based on whether they were undamaged or
damaged. For moose with a heavy worm burden, larger lungworms were chosen for
identification first because of their potential to yield higher DNA concentrations upon
DNA extraction.
Genetic Speciation:
Unfortunately, the results of the genetic speciation study were inconclusive due to
the low quality of DNA samples sent to sequencing. This could be due to a number of
factors. It is most likely that DNA sample quality was lost during the gel extraction step,
since prior to this, all quality checks had shown successful results. Excising the
individual ITS2 bands from the gels proved difficult because of the close spacing
between them. Further optimization of the clean-up protocol may have yielded better
results, however it was beyond the timeframe for this study. The previous 2012lungworm study cloned the ITS2 PCR fragments into a vector in order to increase
amplification and gene concentration (Girardin, 2012). We hoped to optimize the
methods for genetically speciating lungworms by taking a different approach and
excising necessary DNA bands directly from the gel. However, it seems that by doing
this there can be contamination of the 480bp fragment into the 580bp fragment and vice
versa. This leads to errors during DNA sequencing and multiple nucleotide peaks are
seen. In subsequent studies, the vector approach should be used to increase lungworm
DNA concentration and to enhance the ability for purification.
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The presence of two ITS2 fragments, the 480bp fragment and the 580bp fragment,
seen during gel electrophoresis of PCR products was consistent with previous studies.
However, future studies should focus on identifying whether there can be specific
primers for targeting either the 580bp ITS2 sequence or the 480bp ITS2 sequence. This
would enhance the ability for extracting DNA off of the gel, and would also enhance
PCR amplification by yielding only one target site. The presence of multiple bands may
be due to gene duplication and microsatellite repeats (Divina, 2000). A study conducted
by Divina in 2000, showed that D. Eckerti showed the most individual variability in
number of ITS2 sequences observed during gel electrophoresis, yielding 2 bands in 17
out of 19 cases. It is possible that the worms observed in this study were similar to this
Dictyocaulus spp. since the previous 2012 Maine study showed potentially novel isolates
most closely related to D. Eckerti and Dictyocaulus spp. isolates from red deer (Girardin,
2012).
The BLAST analysis does show that while the data remains inconclusive because
of low sample size and low DNA quality, that it could corroborate 2012 University of
Maine lungworm speciation data (Girardin, 2012). In all cases lungworm ITS2 fragments
were most homologous to either D. Eckerti or to one of two unknown Dictyocaulus
isolates found in red deer during New Zealand studies (Johnson et al, 2004). They did not
appear to be homologous with sequences for Dictyocaulus viviparus ITS2.
This study was successful in outlining a number of detailed protocols and
acquiring necessary materials for future use in morphological and genetic analysis of
lungworms in Maine moose. In future studies, protocols may be further optimized to
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yield greater results and the number of samples sent to the University of Maine
sequencing facility should be increased.

Conclusion
Lungworm infection in Maine moose may be a bigger problem than previously
thought. This study showed an infection rate of 33.3%, which is higher than the expected
12% present in other healthy populations and present in the 2012 study of lungworms in
Maine moose. This may indicate an increasing problem for Maine moose populations and
researchers should continue to monitor infection rates of this parasite. This prevalence
could point towards an underlying problem within Maine’s moose populations such as
immune dysfunction as an inability to successfully fight off parasitic disease.
The serious pathology and respiratory disease associated with a high worm
burden is of concern, since pathology was significant in all studied cases where the
moose presented with a burden of greater than 50 lungworms. Future analysis of these
trends is essential in further identifying whether or not Maine may be affected by recent
decreases in moose populations such as those seen in Minnesota and New Hampshire.
This study indicates that while Dictyocaulus lungworms may not be a leading cause for
moose deaths in Maine, it could be a contributing factor by leading to increased
respiratory distress.
Pathology and prevalence together could suggest that the Maine moose population
may not be as healthy and stable as previously suggested. It does indicate that further
study into the ecological effects and range of Dictyocaulus should be conducted and not
overlooked. Wildlife biologists and researchers within the state of Maine and areas
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suffering from moose population declines should be aware of this potential disease risk
when analyzing moose health. It would be interesting to see whether other cervids
exhibit the same high prevalence rate of lungworm infection, and whether this infection
rate is consistent throughout the state of Maine. Further research should target areas
where cattle and wild cervids occupy the same area since Swedish studies indicated
increased lungworm infections coincided with increased cervid populations (Divina,
2000).
Morphology analyses showed that lungworm infections in Maine moose may be
due to a single genus of lungworm. It is possible that a single lungworm species within
the genus Dictyocaulus infects Maine moose. Sequencing the 480bp and 580bp ITS2
PCR product fragments showed that the Maine lungworm isolate appeared to be most
closely related to D. Eckerti and two Dictyocaulus spp. isolates found infecting New
Zealand Red Deer. Because of the low number of samples sent to sequencing, it is
unknown whether the Maine isolate is novel. Future work with this project will attempt to
modify protocols used to increase the quality of DNA sent for sequencing and could use
genetic analyses to answer the question of lungworm species co-infection in Maine
moose.

38

References
Bates K, Hansen L, Green S, Wallace D, Green T. 2000. Potential for Cross-transmission
of Dictyocaulus viviparus between Cattle and White-Tailed Deer. Journal of
Wildlife Diseases. 36:774-778.
Butler E, Carstensen M, Schrage M, Pauly D, Lenarz M, Cornicelli L. 2008. Preliminary
Results from the 2007-2008 Moose Herd Health Assessment Project (pp. 1-11).
Northeastern Minnesota.
Cantacessi C, Gasser RB, Strube C., Schneider T, Jex AR, Hall RS, Mitreva M. 2011.
Deep Insights into Dictyocaulus viviparous transcriptomes provides unique
prospects for new drug targets and disease intervention. Biotechnology Advances
29(3): 261-271. doi: 10.1016/j.biotechadv.2010.11.005
Cartensen M et al. 2008. “Preliminary Results from the 2007 Hunter Harvested Moose
Health Assessment Project” Minnesota State Government.
Center for Disease Control. 2010. Scientific Nomenclature. Emerging Infectious Disease
Journal. http: / / wwwnc.cdc.gov/eid/pages /scientific-nomenclature.htm
Divina BP, Wilhelmsson E, Mattsson JG, Waller P, Höglund J. 2000. Identification of
Dictyocaulus spp. in ruminants by morphological and molecular analyses.
Parasitology 121(2):193–201.
Divina BP, Wilhelmsson E, Mo T, Mattsson JG. 2002. Molecular identification and
prevalence of Dictyocaulus spp. (Trichostrongyloidea: Dictyocaulidae) in
Swedish semi-domestic and free-living cervids. Journal of Wildlife Diseases
38(4):769-775.
Gasser R, Jabbar A, Mohandas N, Hoglund J, Hall R, Littlewood T, Jex A. 2012.
Assessment of the genetic relationship between Dictyocalus species from Bos
Taurus and Cervus elephas using complete mitochondrial genomic datasets.
Parasites and Vectors. 5:241.
Girardin DA. 2012. Speciation of Lungworms in Maine Moose. Honors Thesis.
University of Maine.
Hoglund J, Wilhelmsson E, Christensson D, Mo T, Waller P, Mattsson JG. 1999. ITS2
sequences of Dictyocaulus species from cattle, roe deer and moose in Sweden:
molecular evidence for a new species. Elsevier Science 29:607-611.

39

Hoglund J, Morrison DA, Divina BP, Wilhelmsson E, Mattsson JG. 2003. Phylogeny
of Dictyocaulus (lungworms) from eight species of ruminants based on analyses
of ribosomal RNA data. Parasitology, 127(2):179–187.
Jansen J, Borgsteede F. 1990. Dictyocaulus species, lungworms in cattle and deer in the
Netherlands. Netherlands Journal of Veterinary Science. 15:155-158.
Johnson M, Youseff G, Abs E, Min H, Gasser R. 2004. An electrophoretic tool for the
genetic characterization and delineation of lungworms. Molecular and Cellular
Probes. 18:197-203.
Kantar L, Cumberland R. 2013. Using a Double-Count Aerial Survey to Estimate Moose
Abundance in Maine. Alces, 49:29-37.
Kilpatrick AM, Altizer S. 2012. Disease Ecology. Nature Education Knowledge 3(10):55
Lenarz M, Nelson M, Schrage M, Edwards A. 2009. Temperature Mediated Moose
Survival in Northeastern Minnesota. Journal of Wildlife Management. 73:503510.
Lichtenwalner A. 2012. Personal Communication. University of Maine Animal Health
Lab. Orono, Maine.
Lichtenwalner A, Adhikari N, Kantar L, Jenkins E, Schurer J. 2014. Echinococcus
Granulosus Genotype G8 in Maine Moose (Alces Alces). Alces. 50:17-26.
Maine Department of Inland Fisheries and Wildlife. 2012. Moose Hunting Information.
Maine State Government, Web. 11 Mar. 2013.
<http://www.maine.gov/ifw/licenses_permits/lotteries/moose/index.htm>.
Merial UK. 2014. The Weight of Evidence. Sanofi Company. Web. 10 May 2014.
<http://www.merial.co.uk/livestock/dairy/Pages/weight_evidence.aspx>
Morris KI. 1999. Moose Assessment. Maine Department of Inland Fisheries and
Wildlife, Augusta, Maine, USA
Morris KI. 2007. Moose Assessment. Maine Department of Inland Fisheries and
Wildlife, Augusta, Maine, USA
Murray D, et al. 1999. Pathogens, nutritional deficiency, and climate influences on a
declining moose population. Wildlife Monographs. 166:1-30.
Murray D, et al. 2012. Assessment of the status and viability of a population of moose
(Alces alces) at its southern range limit in Ontario. Canadian Journal of Zoology.
90:422-434.

40

Musante A, Perkins P, Scarpitti D. 2007. Metabolic Impacts of Winter Tick Infestations
on Calf Moose. Alces. 43:101-110.
Myers J. 17 Aug. 2012. Northland Mosquitos Carry Fatal Disease: Eastern Equine
Encephalitis. Aberdeen American News. Duluth News Tribune. Web. 26 Jan.
2013.
New Hampshire Fish and Game Department. 2013. Moose Alces Alces. New Hampshire
State Government n.d. Web. 11 Mar. 2013.
Shendure J., Ji H. Nat. Biotechnology. 26 (10), 1135-1145 (2008).
Taylor S. 2012. Overview of Lungworm Infection (Verminous Bronchitis, Verminous
pneumonia). Merck Veterinary Manual. Web. 10 May 2014.
Vashon J. 2010. Moose. Maine.Gov. Maine Department of Inland Fisheries and Wildlife.
Web. 06 Dec. 2012. http://www.maine.gov/ifw/wildlife/species/moose/index.htm.
Wattles D, Destefano S. 2011. Status and Management of Moose in the Northeastern
United States. 47: 53-68.
Wildlife Management Institure. 15 Feb. 2013. States Initiating Research on Moose
Declines; Minnesota Halts Hunt. Outdoor News Bulletin. Web. 11 Mar. 2013.
<http://www.wildlifemanagementinstitute.org/index.php?option=com_content>.

41

Appendix I
WMD

Number of Moose

Number of moose

% Infection rate

sampled

infected

1

5

0

0

2

25

5

20

3

5

1

20

4

4

0

0

5

4

0

0

6

2

0

0

Unknown

13

2

15.4

2012 overall percentage of tested moose infested with lungworms: 13.8%
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Appendix II:
Lungworm 27-10 580bp ITS2 Fragment: Forward
TGATTTATTATGATATATTAATATATGCCGTCCCAGATCGTGGTGTATAGATA
TACACATATATATGACATCAACTGCATAATGTTGTCAAACGGTTATCGTTATC
CGATAGTGTGCTTGTATGCTATATGGAAATGATGATTACCGTTTTAGTATAGA
ATGAGAAATTTTGCATCATTATAATATGTGTGATGTTGAATTACATCACAACA
TATATATATATATATATATATATATATATATATAAATATATTTTATACATTATC
TAAAAAGATATCGAAATAGCACGATAGAGAACAATAGCTCCATCACCCTGTA
AGTCACCGTTTTTTTGAGTCATATCTAATAAACAAATAAAAACAAATAGAAA
GAGAACGAAATTTCACCACAAATCTGTCTATTT
Lungworm 27-10 580bp ITS2 Fragment: Reverse
CGGTCCCTAAGTTCAGCGGGGTTTCACATCTGAGTTCAGGTTGCATACCAATC
GATATGGTACATGTATTAAAATATTCATGTATATACTGCTACCGTTCTTATAT
CGTACACGTCAATCATTGACATTATCATTAAAGCAATACTTCTTTTTTATTCG
ATCATTATAGTAAAATCACATACATACTGCTTTAGTCAACGATCGATTAAGAA
CATTAGCATAATATGTCGCTTATTATATAATCAATACACGTATCATATATATA
TATATATATATATATATATATATATATATATATATATATCATTATATAAAAAT
AAAAAAAAACACAAACACATACACACTCTCTATATCTATATATATTTATATCT
CTCTCACTCCCTCACACACACACAAACACACGA
Lungworm 27-10 480bp ITS2 Fragment: Forward
CGATACTAGATATATTACTATATGCCGCCCTGAGCTGCGTATAGATATACACA
TATATATGACATCAACTGCATAATGTTGTCAAACGGTTATCGTTATCCGATAG
TGTGCTTGTATGCTATATGGAAATGATGATTACCGTTTTAGTATAGAATGAGA
AATTTTGCATCATTATAATATGTGTGATGTTGAATTACATCACAACATATATA
TATATATATATATATATATATATATATTACAATATTTCACACCCTACCCCCAG
AGACCCCCT
Lungworm 27-10 480bp ITS2 Fragment: Reverse
TGATCCTAGGTTCAGCGGGTTTCACATCTGAGTTCAGGTTGCATACCAATCGA
TATGGTACATGTATTAAAATATTCATGTATATACTGCTACCGTTCTTATATCGT
ACACGTCAATCATTGACATTATCATTAAAGCAATACTTCTTTTTTATTCGATC
ATTATAGTAAAATCACATACATACTGCTTTAGTCAACGATCGATTAAGAACAT
TAGCATAATATGTCGCTTATTATATAATCAATACACGTATCATATATATATAT
ATATATATATATATATATATAAAGATAAATATATGTCAGACAAACAAAAAAC
A
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Lungworm 82-1 580bp ITS2 Fragment: Reverse
AGGTTGAATAAGTTAGCGGGGTATCACATCTGAGTTCAGGTTGCATACCAAT
CGATATGGTACATGTATTAAAACATTCATGTATATACTGCTACCGCTCTTATA
TCGCACACGCCAATCATTGAGATTATCATTAAAGCAATACTTTTTTTTTATTC
GTTCATTATAGCAAAATCACATACATACTGCTTTAGTCAACG
Lungworm 82-1 480bp ITS2 Fragment: Forward
CATAATTAAGAAATATTAATAATTGCGGTAATATATCTCGCATTTGATATACA
CATATATATGACATCAACTGCTTAATGTTGTCAAACGCTTATCGTTATCCGAT
AGTGTGCTTGTATGCTATATGGAAATGATGATTACCGCTTTAGTATACAATGA
GAAATCTTGCATCATTATAATATGTGTGAGGTTGAATTCCCTCCCCCATATGT
ATATATGTATATATATCTTTTTCCCT
Lungworm 82-1 480bp ITS2 Fragment: Reverse
CTGTTCAATAAGGTCAGCGGGTTTCACATCTGAGTTCAGGTTGCATACCAATC
GATATGGTACATGTATTAAAATATTCATGTATATACTGCTACCGTTCTTATAT
CGTACACGTCAATCATTGACATTATCATTAAAGCAATACTTTTTTTTTTTTCTA
TCATTATAGCAAAATCACATACATACTGCTTTAGTCAACGATCGATAAAGAA
CATAAACATAATATGACGCTTATTATATAAACAATACACATATCACATATATA
TATATATATATATATATC
Lungworm 27-10 Duplicate 580bp ITS2 Fragment: Forward
GGTACTAGATATATTATAATGCGGCCCAGATCTGTTTATTGATATACACATAT
ATATGACATCAACTGCATAATGTTGTCAAACGGTTATCGTTATCCGATAGTGT
GCTTGTATGCTATATGGAAATGATGATTACCGTTTTAGTATAGAATGAGAAAT
TTTGCATCATTATAATATGTGTGATGTTGAATTACATCACAACATATATATAT
ATATATATATATATATATATATATATATATATATTATATGTTATTTTTATATAT
ATAGAGAGAGAGCGCGCGCGCGCGCGCGCTCTCTCTCTCTGTGTGTGTGTGT
GTGTGTGTGATATATATATATAGAGAAAAAAAAAGAAAGATAGTGAGTGAG
AGAGAGAGAGAGAGAGAAAAACACATAAAAAAATATATATATATATATATA
TATATATATATATATGTATTATCCGAACCCCCCCTTACACACACATACACCCA
CCCACCCCCCCCCCCCCCCCCCCCCCCCCCCCACACCCCACCCACACCCACCC
CATATGCCCCCCCCCATC
Lungworm 27-10 Duplicate 580bp ITS2 Fragment: Reverse
GGTTGAAAAAAGTTCAGCGGGTATTCACATCTGAGTTCAGGTTGCATACCAA
TCGATATGGTACATGTATTAAAATATTCATGTATATACTGCTACCGTTCTTAT
ATCGTACACGTCAATCATTGACATTATCATTAAAGCAATACTTCTTTTTTATTC
GATCATTATAGTAAAATCACATACATACTGCTTTAGTCAACGATCGATTAAGA
ACATTAGCATAATATGTCGCTTATTATATAATCAATACACGTATCATATATAT
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ATATATATATATATATATATATATATATATATAGTGTGTGTGTGTTTGTGAGA
GAGAGAGAGAGAGAGAGTGTGAGAGTGAGTGTGCGTGATTGCC
Lungworm 27-10 Duplicate 480bp ITS2 Fragment: Forward
CATAATTAAGAAATATTAATAATTGCGGTAATATATCTCGCATTTGATATACA
CATATATATGACATCAACTGCTTAATGTTGTCAAACGCTTATCGTTATCCGAT
AGTGTGCTTGTATGCTATATGGAAATGATGATTACCGCTTTAGTATACAATGA
GAAATCTTGCATCATTATAATATGTGTGAGGTTGAATTCCCTCCCCCATATGT
ATATATGTATATATATCTTTTTCCCT
Lungworm 27-10 Duplicate 480bp ITS2 Fragment: Reverse
CGATGATTAGTTCAGCGGGTATCACATCTGAGTTCAGGTTGCATACCAATCGA
TATGGTACATGTATTAAAATATTCATGTATATACTGCTACCGTTCTTATATCGT
ACACGTCAATCATTGACATTATCATTAAAGCAATACTTCTTTTTTATTCGATC
ATTATAGTAAAATCACATACATACTGCTTTAGTCAACGATCGATTAAGAACAT
TAGCATAATATGTCGCTTATTATATAATCAATACACGTATCATATATATATAT
ATATATATATATATATATATATATATATATATGTGGGGGGGTATCTCTCTCAA
AAATATAAAATATTGTGTGACACTCTCTCTCTATATATATAAATAGAGATATA
TCAAACTCTCACACACACACACACACACACAAAGGTGAGAGAGATAGAGAG
ACATATGTGTGTATATATATATATATATGTATGACACATACATATATATATGT
ATATATATATATATATATATATATATATATAAAAATAAAAAAACACAGACAC
ACACATAGA
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